ABSTRACT During a Mediterranean fruit fly eradication program (1980)(1981)(1982) in northern California, two field studies were conducted to evaluate the impact of malathion bait spray on honey bees. Significant mortality of adult bees was associated with weekly applications, eventually reducing colony populations to levels that would cause economic loss and threaten winter survival of colonies. Flight activity was reduced greatly for 1 day after each predawn application. Brood mortality was not observed. Residual levels of malathion were 1.71 ± 0.37 ppm (range, 2.24-7.64 ppm) in trapped pollen and 2.22 ± 0.13 ppm (range, 0.78-5.28 ppm) in bees collected from entrance traps attached to hives within spray zones.
THE GREATVALUEof honey bees as pollinators of agricultural crops justifies efforts to protect them from pesticides and diseases. Honey bees make multiple daily foraging trips for nectar, pollen, water, and propolis within approximately a 5 km radius of their hives (Gary et al. 1972) and are active whenever the temperature exceeds approximately 13°C. These traits, which make the honey bee such a valuable pollinator, account in part for its vulnerability to insecticides, especially during eradication programs where large areas are treated repeatedly with "blanket applications" that could contaminate food, water, and other materials in the environment.
The Mediterranean fruit fly (Medfly) outbreak in California from 1980 to 1982 provided an opportunity to evaluate the impact of malathion bait spra y on honey bees. Although there was some indication in the literature that the malathion bait sprays used in the past were not hazardous to honey bees (Wolfenbarger and Robinson 1957, Morse and Robinson 1958) , we found no comprehensive treatment of the subject in the literature, nor did we find adequate evidence establishing the safety of malathion bait spray. In fact, there is abundant evidence that malathion is extremely toxic to honey bees (Atkins et al. 1981) .
The objective of this research, therefore, was to evaluate the impact of the malathion bait spray used in the Medfly eradication program in California from 1980 to 1982. We report on two studies, the first conducted in the San Francisco Bay area during cool spring weather and the second conducted during hot summer weather in the Stockton area under quite different conditions.
Methods and Materials
I. San Francisco Bay Area Study. The experimental area ( Fig. 1) was treated with 175.4 ml of 91% malathion, mixed with 701.8 ml of Staley's Protein Bait, per hectare (Oshima et al. 1982) , applied aerially at weekly intervals during the predawn hours before the bees were active.
On 9 April 1982 a total of 48 commercial colonies of honey bees were distributed randomly among four apiaries so that each contained 12 colonies. Two control apiaries (Livermore and Fremont) were located outside the spray zone at 9 and 5 km, respectively, from the perimeter. The remaining two apiaries (Dublin and Hayward) were located inside the spray zone. Precise locations of apiaries, with respect to the treated area, are shown in Fig. 1 . The objective was to have two control/treatment pairs which were located close enough to share similar microclimate and flora, while having the control apiary far enough from the treated area to prevent bees from foraging there, or being exposed to drifting pesticide. Also, one control/treatment pair (Livermore/Dublin) was situated in a predominantly rural setting, while the other pair (Fremont/Hayward) was in an urban setting.
Poor weather conditions hindered the initiation of the bait spray program in 1982 but routine weekly applications finally were begun on 19 and 20 April in Dublin and Hayward, respectively. Spraying was terminated on 24 May in Dublin and 8 June in Hayward.
With few exceptions, all colonies were managed identically for the duration of the project-e.g., all were fed sucrose syrup initially to compensate for marginal nectar sources at the outset of the experiment. Also, all apiaries were surrounded by a fence to exclude predators, such as skunks (Mephitis sp.), and to reduce the probability of vandalism. Traps for dead bees (Gary and Lorenzen 1984) (Fig. 3) were installed on all colonies on 15 April 1982 to recover bee bodies from the hives. Bodies were collected daily, transported to the lab- oratory, counted, pooled into a common sample for each apiary, and then frozen at -10 D C for future residue analysis.
Daily pollen samples from two hives in each apiary were collected from pollen traps incorporated into the dead-bee traps. These pollen samples also were collected and frozen daily.
All colonies were examined at the beginning, middle, and end of the observational period to determine the status of brood production, diseases, and food supply. Routine management procedures were used to correct any deficiencies-e.g., missing queens were replaced.
A test panel to collect spray deposit consisted of a sheet of paper (21.6 by 27.9 cm) and was affixed daily to the top surface of one hive cover in each apiary. These panels were used to assess the quantity of bait spray to which the bees were exposed and to be sure that the apiaries were treated according to the expected application schedule.
Residue analyses were conducted on collected materials as follows. Samples of bees and pollen weighing 10 gm each were analyzed by gas chromatography, following homogenization with 150 ml of ethyl acetate in a Tekmar Tissuemizzer and cleaning using a 1.5 cm OD by 14 cm chromatographic column packed with Florisil. The ethyl acetate extract was filtered through a Whatman GF /F filter with liberal amounts of ethyl acetate followed by evaporation until all traces of solvent were removed. Then the sample extract was dissolved in 10 ml of hexane. The packed Florisil column was washed with hexane, which was then discarded. Then the extract was quantitatively transferred to the column with several 5 ml portions of hexane followed by 50 ml of benzene and 140 ml of 10% ethyl ether in benzene. Only the last 110 ml of eluate was collected for analysis. It was often necessary to clean the sample twice, particularly when discoloration and undesirable residues were evident. Analyses were conducted on a H~wlett Packard 5710A gas chromatograph equipped with a N/P detector. A glass column (1.8 m by 2 mm ID) was packed with a 6% OV-IOl on 80/100 mesh Chromosorb W. Column temperature was maintained at 205 D C. The injection and detection temperatures were set at 200 and 2500C, respectively. The carrier gas (helium) flow rate was 30 ml/min and the air and hydrogen flow rates were 60 and 4 mll min, respectively.
II. Stockton Area Study. A map of the study area, showing locations of apiaries, is shown in Fig.  2 . The treated apiary was located inside the spray zone, approximately 1.9 km from the nearest unsprayed boundary. The control apiary was located approximately 5.7 km from the near perimeter of the spray zone. Each apiary contained 10 randomly selected colonies. Spraying began on 25 June and ended on 12 August 1982. Applications were . made at weekly intervals.
Methodology was the same as that used in the San Francisco Bay area study, except that data were gathered on flight activity as a means of evaluating colony conditions and population losses. Three I-min samples of outgoing foraging bees were taken for each colony between approximately 0800 and 1200 h (PST) each day. To minimize temporal variations between apiaries, the operator shuttled frequently between apiaries, taking only a single flight-count sample when visiting each apiary. Flight-count samples were made by placing a black cover momentarily over the flight opening of the dead-bee trap, thus diverting all outgoing bees to the exit at the apex of the base unit (Fig. 3L) . The catch chamber of the trap was removed temporarily to permit visual counting as the bees left. ranged from 17.2 to 33.3°C. There was early morning overcast on many days, especially at Fremont. Winds were light (0-8 kph), except in Livermore where they were usually stronger (8-16 kph).
The primary impact of malathion bait spray was a significant increase in mortality of adult bees for approximately 48 h following application. The average daily number of trapped dead bees per hive during a 56-day observation period of the Hayward (treated)/Fremont (control) apiaries is shown in Fig. 4 . Each peak is correlated with weekly applications of malathion bait spray, leaving no doubt that the primary cause of bee mortality was associated with bait spray. Mortality peaks at the Hayward apiary occurred 2 days after spray application. A I-day delayed effect might have been predicted because bodies were collected from hive entrance traps too early on the days of application to gather all the bees that died that day. The fact that the peak numbers of bodies were recovered from traps 2 days after application suggests that there was delayed mortality following exposure, or that normal housecleaning activity was somehow delayed a day by the spray effects or meteorological conditions. Any dead bees inside hives could not be counted until they were actually deposited in the traps by the housecleaner bees. Variations in the magnitude of the weekly peak mortality may have been caused, at least in part, by intermittent periods of cool weather which some- times diminished foraging after spray applications.
Bee mortality at the Fremont (control) apiary (Fig. 4) was normal for the first 35 days but increased gradually to approximately 150 bees per day near the end of the observation period. Some increase can be attributed to the rapidly growing bee population, a percentage (ca. 2-4%) of which is expected to die each day of natural causes. Normally, between 30 and 80 bee bodies may be trapped daily from healthy colonies. Also, the frequency of pesticide use in the nearby residential areas, which also contained several commercial orchards, probably increased during this season. Although colony populations and flight activity at hive entrances were not measured in this study, it was quite obvious that both were lowered significantly at the Hayward (treated) apiary relative to the Fremont (control) apiary.
Similar patterns of mortality were observed in the Dublin (treated)/Livermore (control) apiaries (Fig. 5) . However, the daily mortality peaks following spray applications at Dublin were lower and less defined than at the Hayward apiary. This may be because bees in the Dublin apiary were closer to untreated areas. After spraying ceased on the 33rd day of the study at Dublin, daily mortality reverted to normal levels (ca. 30-80 bees daily) within 7 days after the last spray application. Bee mortality at Livermore apiary was normal.
The results of analysis of residues in pollen and bee bodies are shown in Tables 1 and 2 . Mean levels of malathion in pollen and bee bodies from treated areas were 2.06 ± 0.61 ppm (range, 0.24-7.64 ppm), and 2.23 ± 0.14 ppm (range, 0.96-5.28 ppm), respectively. Levels of malathion were sufficient to account for the mortality that was observed and to establish that pesticide-contaminated pollen was a significant means by which mal· athion entered the colonies.
Caution is advised in interpreting the data on residues found on bee bodies. These data do not correlate with the dosage levels used in the field. They merely establish the amounts of pesticide recoverable from bees that died from exposure to the pesticide, whether through ingestion of contaminated pollen, contact with the pesticide during the foraging process, and/or ingestion or contact with the toxin by some other mechanism. Some mortality may have been caused by direct spraying of the hives but this seems unlikely if one considers the formulation and application procedures.
II. Stockton Study. Mortality followed each spray application (Fig. 6 ) in a pattern similar to that observed in the Bay area study. However, in this study the peak mortality followed 1 instead of 2 days after application. The most probable cause was warmer climatic conditions which accelerated, for instance, activity of housecleaning bees, causing deposition of bodies in the traps much faster. A minor mortality peak, not associated with Malathion was analyzed by GLC (N-r detector); sensitivity = 0.01 ppm.
• Spray date. malathion spray application, occurred 21 days into the study period at the treated apiary. This was probably the result of treatment of a nearby agricultural area with an unknown pesticide. Mortality attributable to the Medfly bait spray seems to decrease over time, probably as a result of declining colony populations. Colonies suffered repeated losses of adult bees in combination with a seasonal population decline. The same trend is apparent for flight activity levels.
One striking effect of the spray application was a great reduction in foraging activity on the day of spray application (Fig. 6) . A reduction in flight of about 50% indicates that there is a rather profound effect on foragers but it is not clear whether they are reacting to spray on the flowers or contact with malathion at the apiary. In any event, flight activity appears to return to normal on the day after spray application.
Data from the control apiary showed no significant perturbations in either mortality or flight activity during the first 17 days of the study (Fig. 7) . These data also show the remarkable stability of daily mortality in colonies not exposed to significant amounts of pesticides. On the 17th day of the study Lannate® (1.1 kg/hal was applied to a nearby alfalfa field, causing a substantial number of deaths for approximately 6 days before the daily Fig. 7 . Mortality and flight activity of honey bees at control apiary. Mortality peaks are associated with pesticide applications other than Medfly malathion bait spray. mortality returned to a normal level. Two other unscheduled pesticide applications were made in the area, as indicated by the mortality peaks on days 30 and 36. These were thought to have been caused, respectively, by applications of Sevin®/ sulfur dust and Monitor® applied to tomatoes.
In all cases pesticide application was associated with reduced flight activity and variable recovery time for normal flight activity. This indicates that reduced flight activity may be a common result of many or most pesticides, and supports previous research on the relationship between flight activity and pesticide exposure (Gary 1967) . One likely mechanism is death of foragers in the field, resulting in loss of the communication which normally stimulates other foragers to leave the hive. Another possibility is that toxins introduced into the colony are temporarily debilitating to the entire bee population, perhaps through the exchange of contaminated food materials. Still another possibility is that foragers ingest sublethal doses and return to the colony where they gradually recover. It is also possible that changes in the odor of the foraging area and/or the palatability of nectar temporarily reduce the attractiveness of flowers sprayed with chemicals. These various mecha- Table 3 . Mean levels of malathion in pollen and bee bodies from the treated area were 1.22 ± 0.19 ppm (range, 0.54-2.04 ppm) and 2.85 ± 0.65 ppm (range, 0.70-4.61 ppm), respectively.
Discussion
The overall impact of the Medfly bait spray on honey bees appeared to be a gradual decline of adult bee populations when frequent (weekly) applications were made over most of the area available for foraging. After approximately four to eight applications, colony populations appeared to decline to the extent that their foraging activity diminished significantly, thereby impairing pollination and honey production potential. Colonies recovered quickly when spraying ceased because foraging and seasonal conditions were favorable. However, it is probable that a high percentage of such colonies would not survive the winter if similar losses occurred in late summer or early fall. Furthermore, periods of poor foraging conditions following spraying probably would greatly extend the recovery period, or cause high mortality in severe cases.
We detected no mortality of the brood that could be associated with pesticides. The few dead larvae observed were victims of several common diseases, such as sacbrood.
The methodology we used did not permit an accurate estimate of the adult bees that died while foraging away from the hive. It seems probable that bee mortality at the hive, as determined by the dead-bee traps, represented only a small fraction of the total bee mortality caused by insecticides. Bees gathering contaminated nectar may die quickly in the field as a result of ingestion and absorption. Gary and Lorenzen (1976) found that from 5 to 10% of the nectar collected is involuntarily taken into the ventriculus. Immediate absorption of the toxins would thus be likely. Such would not be the case with contaminated pollen, which is transported on the body surfaces where absorption would be expected to be much slower.
The amount of malathion found in the dead bees was sufficient to account for the observed mortality. However, these levels are not necessarily the same as those existing in foraging bees that die away from the hive. Instead, they merely represent the amount of toxin that is fatal to a bee in the hive, whether acquired during foraging and/ or inside the hive.
It is possible that malathion-contaminated nectar, propolis, and water were collected in addition to contaminated pollen, but these materials were not analyzed. Also, there is a possibility that foraging bees may be attracted to malathion bait droplets. Under some conditions, some bees forage on salt-containing materials. One of us (NEG) had previously observed foraging bees on and near cattle mineral salt licks after rain splashed salty water on nearby vegetation. Beekeepers have reported similar observations. We conclude that the impact of Medfly malathion bait spray on honey bees is significant. Although colonies recovered satisfactorily after cessation of spraying during the spring and early summer, there would be a significant risk if spraying were done late in the summer when there is insufficient time for populations to return to normal levels before winter begins. Even if colonies survive multiple applications, the reduction of populations greatly reduces honey yield. It seems prudent to move colonies away from treated areas during Medfly eradication programs.
Although Medfly malathion bait spray is a threat to honey bee colonies, we conclude that the overall economic benefits of controlling the destructive Medfly are far greater than the transient losses incurred by beekeepers.
